While most positional acuity tasks exhibit an age-related decline in performance, the effect of ageing upon vernier acuity continues to be the subject of some debate. In the present study we employed a stimulus design that enabled the simultaneous determination of bisection and vernier acuities in 36 subjects, aged between 22 and 84 years. This approach provided a means for directly testing the hypothesis that ageing affects bisection acuity but not vernier acuity by ensuring that differences in stimulus configuration and in the subject's task were kept to an absolute minimum. Optimum thresholds increased as a function of age for both bisection and vernier tasks. Inter-subject threshold variability also increased with age. Issues surrounding the comparison of absolute vernier thresholds across different studies are discussed and two important methodological factors are identified: the precise statistical method used to estimate thresholds, and the magnitude, in angular terms, of the smallest spatial offset of the elements of the vernier stimulus which can be displayed. Comparison with previously published data indicates that the discrepancy between this study and most previous investigations with respect to the effect of age upon vernier performance can be at least partly accounted for by differences in the minimum displayable vernier offset. Vernier thresholds do increase with age. The increased variability of vernier thresholds in older subjects would appear to limit the diagnostic value of the test as a means of enabling normal ageing to be distinguished from visual loss due to pathology of the eye or visual system.
Introduction
Consistent with the many age-related changes known to take place in the human visual system (Curcio, Millican, Allen, & Kalina, 1993; Gartner & Henkind, 1981; Marshall, 1987; Spear, 1993) , behavioural performance on the vast majority of visual tasks is known to decline as part of the normal ageing process (for reviews see Kline, 1991; Spear, 1993; Weale, 1992) . One apparent exception to this rule, however, appears to be vernier acuity which has been found to be stable throughout human adulthood across a range of investigations and by several different research groups (Kim et al., 1998 (Kim et al., , 2000 Kline, Culham, Bartel, & Lynk, 2001; Lakshminarayanan, Aziz, & Enoch, 1992; Odom, Vasquez, Schwartz, & Linberg, 1989; Vilar et al., 1995; Whitaker, Elliott, & MacVeigh, 1992) . The invariance of vernier acuity in adulthood is understandable in the context of the age-related changes to the optical system of the eye (Weale, 1992) , because performance on the task demonstrates considerable resistance to the effects of optical degradation (Essock, Williams, Enoch, & Raphael, 1984; . It is, however, puzzling that the agerelated neural changes at the retinal and cortical levels (Gartner & Henkind, 1981; Marshall, 1987) do not affect performance on the task. Like vernier acuity, bisection acuity involves the judgement of relative position and is not, under certain conditions, resolution limited (Levi & Tripathy, 1996) . However, performance on this task shows a steady decline with increasing age (Whitaker et al., 1992) .
In contrast to all previous investigations of the effects of ageing upon vernier acuity, one recent study has reported that vernier acuity does in fact show a decline after the age of 50 years. Li, Edwards, and Brown (2000) claim that previous studies may have failed to reveal an age-related decline in vernier acuity because they underestimated the vernier capabilities of younger subjects. The explanation provided for this underestimation concerns the minimum spatial offset with which the elements of the vernier stimulus can be displayed. Meaningful thresholds can only be determined if the stimulus variable (i.e. the spatial offset between the vernier elements) includes a sufficient number of values which are both above and below the actual threshold value. Li et al. (2000) claim that the minimum spatial offset employed in previous investigations was not sufficiently small to accurately determine vernier performance in young adults. This leads to a floor effect in the data for young adults which, in turn, masks a real decline in vernier acuity with ageing. However, the issue of whether vernier acuity is spared with age remains contentious. A recent study by Kline et al. (2001) featured a minimum spatial offset similar to that employed by Li et al. (2000) but, in common with earlier investigations, this study again failed to find an effect of age upon vernier acuity.
In the present study, we revisit the question of whether or not vernier acuity is resistant to ageing. Our study differs from previous investigations in three important ways. Firstly, we employed the same stimulus design for the assessment of vernier and bisection performance (Fig. 1) . The rationale for comparing the effects of ageing upon vernier and bisection thresholds using an identical stimulus arrangement in the same subjects is as follows: the hypothesis that age affects performance on bisection tasks but not vernier tasks is directly tested if differences in the stimulus configuration and task required of the subject are kept to an absolute minimum. Secondly, the stimulus design that we employed enables simultaneous determination of vernier and bisection thresholds. This approach offers the advantage that performance on both tasks is equally influenced by the effects of fatigue or lapses in concentration that may occur during an experimental run. Thirdly, it is well established that practice leads to improvements in performance on positional acuity tasks (Fahle & Edelman, 1993; McKee & Westheimer, 1978) . Whilst the rate of improvement with practice may differ between older and younger subjects, there is evidence that, irrespective of age, considerable inter-subject variability exists in the practice effects for a vernier task (Abbud & Cruz, 2002) . Such variability could cloud differences in the effects of ageing upon task performance. For this reason, we obtained several estimates of vernier and bisection performance in each subject. Finally, our experimental set-up features a minimum vernier offset which is sufficiently small to avoid the potential problem of a floor effect in our data (see above).
Methods

Experimental set-up
Generation and control of stimuli was performed using the macro capabilities of the public domain software NIH Image 1.59 (available from the Internet by anonymous FTP from zippy.nimh.nih.gov). Stimuli were presented on an Electron D2 21-inch CRT and a frame rate of 75 Hz. The stimulus consisted of three white squares (luminance 80 cd/m 2 ) presented on a dark background (luminance 1.2 cd/m 2 ) (Fig. 1) . From a viewing distance of 12.6 m, each square subtended an angle of 3.3 0 . The vertical separation between the squares was nominally 4 0 (see below). The resolution of the monitor was set to 1280/1024, and from this viewing distance, the angular subtense of each pixel was 4.6 seconds of arc. Dim room illumination was employed during testing.
Each trial consisted of a single interval after which the observer was required to make two judgements (Fig.  1b) . In addition to judging whether the central square was offset to the left or right of the outer squares (vernier task), the observer was also required to judge whether the central square had been presented nearer to the upper or lower square (bisection task). Thus, following each trial, the response from the subject fell into one of four response categories (upper-right, upper-left, lower-right, lower-left) . No feedback was provided. On any one trial, the location of the central square was randomly offset laterally either zero, one (4.6 00 ), two (9.2 00 ), or three (13.8 00 ) pixels to the right or left of the outer squares, and vertically either zero, one (4.6 00 ), two (9.2 00 ), or three (13.8 00 ) pixels above or below the true vertical midpoint. In total therefore, the central square could appear randomly in one of 49 possible locations. A method of constant stimuli was employed with a total of 147 trials comprising an experimental run (i.e. three repetitions of each of the 49 configurations). The computer software maintained separate running totals on the configurations that had been presented and the responses of the subject to each presentation. At the end of the experimental run, the proportion of trials labelled Ôrightward' was determined for each of the seven horizontal locations of the central square with respect to the outer squares (Fig. 1) . The horizontal spatial offsets (in seconds of arc) were plotted against the proportion of trials labelled Ôrightward' and these data were then fitted with a probit function. The vernier threshold corresponded to the offset that produced an increase in the probability of Ôrightward' responses from 50% to 73% on the fitted probit function. In a similar fashion, the seven vertical spatial offsets were plotted against the proportion of trials labelled Ôupward' and these data were also fitted with a probit function (see footnote 1). In this case, the bisection threshold corresponded to the offset that produced an increase in the probability of Ôupward' responses from 50% to 73% on the fitted function.
The use of a combined vertical/horizontal offset judgement to determine bisection and vernier thresholds relies upon the assumption that these judgements can be made independently of one another. For example, using our stimulus design, vernier judgements could be influenced, not only by the horizontal placement of the central square, but also by its vertical position. In order to rule out such an interaction, we compared vernier and bisection thresholds obtained using the combined stimulus design in 10 subjects with the thresholds determined using the same three-block stimulus when vernier and bisection thresholds were determined in separate experimental runs. In the vernier condition, the central block was presented laterally, left or right of the outer square along the horizontal midline (not displayed) between the upper and lower blocks. Similarly when bisection performance was separately examined, the central block was presented along the imaginary vertical midline between the outer blocks and the subject had the single task of indicating whether the central square was closer to the upper or lower square. The results are plotted in Fig. 2 . There was no significant difference between vernier thresholds measured using the combined stimulus (mean ± SD: 7.71 ± 3.45 00 ) and vernier thresholds measured alone (7.55 ± 3.18 00 ; paired t-test: t ¼ 0:279, p ¼ 0:786). Similarly, bisection thresholds measured using the combined stimulus (11.10 ± 5.05 00 ) were not significantly different to bisection thresholds measured alone (9.88 ± 4.70 00 ; paired t-test: t ¼ 1:928, p ¼ 0:086). These results reveal that the subjects can make horizontal and vertical judgements independently of one another, and therefore, that the thresholds obtained using our stimulus design represent valid estimates of the vernier and bisection threshold.
Subjects
All subjects underwent full ocular examination and subjective refraction prior to participation in the experiment. Subjects were only included in the study if monocular logMAR visual acuity reached at least 0.0 (Snellen equivalent 6/6). Subjects were excluded from the study if there was a self-reported history of ocular disease, intra-ocular surgery, strabismus or amblyopia. Exclusion criteria included lens opacities in the undilated pupil area as assessed using a direct ophthalmoscope, and drusen or pigmentary changes in close proximity to the macula. Thirty six subjects were recruited, with 18 in each group divided according to age. The age range in the young group spanned from 22 to 34 years (mean 26.3 years, SD ¼ 3.63; 11 males, 7 females). The age range in the older group spanned from 62 to 84 years (mean 72.0 years, SD ¼ 5.65; 9 males, 9 females). Testing was carried out monocularly in the eye with better visual acuity, and experimental runs were paced at a rate to suit the subject.
Training
In order to take account of the effects of training upon task performance, vernier and bisection thresholds were determined in all subjects from a total of four separate experimental runs. The first run served as a practice run only. In the case of each subject, the optimum vernier and bisection performance exhibited during the later experimental runs was labelled as the task performance for that subject. Each experimental session had a maximum duration of 1 h, and subjects attended the laboratory on a total of three separate occasions.
Results
Training effects
Vernier and bisection performance improved with training over the three experimental runs. A separate, repeated measures ANOVA for vernier and bisection thresholds revealed a significant learning effect for the vernier (F ¼ 7:652, p ¼ 0:001) and bisection tasks (F ¼ 4:725, p ¼ 0:012). Posthoc analysis (Scheffe) showed that, for both tasks, the thresholds were similar for the second and third runs (vernier p ¼ 0:612; bisection p ¼ 0:080) with a higher threshold obtained at the first run (vernier p ¼ 0:001; bisection p ¼ 0:014). There was no difference in the training effect between the two age groups (vernier p ¼ 0:274; bisection p ¼ 0:527).
Effect of age
In the case of both the vernier (Fig. 3a) and bisection tasks (Fig. 3b) , there is a clear trend towards higher thresholds with increasing age. The mean vernier and bisection thresholds for the young and elderly groups are provided in Table 1 . Both vernier and bisection thresholds were significantly greater for the older group than for the younger group (vernier, p ¼ 0:004; bisection, p ¼ 0:006). In the majority of individuals, vernier acuity is better than bisection acuity (Table 1, Fig. 3) . However, the magnitude of the difference between vernier and bisection acuity is not dependent upon age (ttest: t ¼ 0:342, p ¼ 0:734). There is greater variability in vernier and bisection thresholds amongst the older group by comparison with the young group ( Fig. 3 and Table 1 ).
Discussion
In parallel with the many and extensive degenerative changes that occur as part of the normal ageing process (Curcio et al., 1993; Gartner & Henkind, 1981; Marshall, 1987 ; also, for reviews see: Spear, 1993; Weale, 1992) , the results of the present study indicate that vernier acuity is not immune to the effects of ageing. This finding is in accord with the results of a recent investigation by Li et al. (2000) but differs from the many other studies which have examined the effects of ageing upon vernier acuity (Kim et al., 1998 (Kim et al., , 2000 Kline et al., 2001; Lakshminarayanan et al., 1992; Odom et al., 1989; Vilar et al., 1995; Whitaker et al., 1992) . Li et al. (2000) claimed that previous failures to find an effect of age upon vernier thresholds were due to a floor effect in the threshold data for younger adults (see Section 1). A comparison of mean vernier threshold for the youngest group tested by Li et al. (2000) (5.1 ± 1.9 00 ) and for our younger subject group (7.22 ± 2.98 00 ) with mean threshold values from other investigations would appear to support this claim (Table 2) . However, before comparing thresholds across studies it is necessary to take account of differences in the statistical manner used to derive thresholds from the data. The method used in many previous investigations involves taking the standard deviation of the spatial offsets which are judged by the subject to be in vernier alignment. This is equivalent to deriving threshold from the 84% point on the psychometric function and the threshold obtained using this approach will, naturally, therefore exceed threshold estimates derived with reference to the 73% (present study) or 75% (Li et al., 2000) points on the function. In fact, thresholds estimated from the 73% point (present study) are lower than 84% thresholds by a factor of 1.66, while a scaling factor of 1.5 needs to be applied to thresholds estimated from the 75% (Li et al., 2000) to enable comparison with 84% thresholds. 1 For the same reason, thresholds from Kline et al. (2001) need to be scaled by a factor of 1.2. Fig. 4 compares the scaled mean thresholds for the young and old subject groups from the present study with the mean thresholds for the youngest and most elderly groups tested in earlier investigations. Whilst vernier thresholds for our older subjects and those of Li et al. (2000) are at least as high as those from most previous studies, thresholds for our young subjects remain, on average, lower than age-matched thresholds from earlier investigations, with the exception of Li et al. (2000) . Our finding of an age effect could, therefore, have arisen either because our older subjects tended to perform worse than agematched subjects from most earlier investigations, or because most previous investigations could not reveal high levels of vernier performance in their young subjects due to a floor effect in their data (see Section 1). While we cannot distinguish with certainty between these potential explanations we favour the latter argument.
The possibility that a floor effect may have existed in previous investigations of the effect on vernier acuity is supported by data presented in Table 2 which lists the minimum spatial offset which could be displayed in this and previous investigations together with the (scaled) mean vernier threshold for the youngest age groups tested. It is clear from Table 2 that there is an association between larger minimum offset and higher mean thresholds for young subjects, thus suggesting that vernier thresholds may have been overestimated in younger subjects in some early investigations. One apparent exception to this trend, however, is Kline et al. (2001) . While their minimum offset was 6.2 00 , the mean threshold, after scaling, for their younger subjects was around 15 00 (Table 2) . We believe that this relatively poor vernier performance by their younger subjects could find explanation in the statistical method used by Kline et al. to derive their vernier thresholds, because, the method 1989 (n); Vilar et al., 1995 (}, two-point task) , ( , three-point task); Lakshminarayanan et al., 1992 (þ) , Kline et al., 2001 (O) . Li et al., 2000: (d) ; Whitaker et al., 1992: (Â) . Mean data for the young and older subject groups from Whitaker et al. corresponds to threshold estimates from subjects aged less than 40 years and more than 60 years, respectively. The data from the present study have been scaled by a factor 1.66 to take account of the differences in threshold estimates that arise from deriving the threshold relative to the 73% point on the psychometric function and not the 84% point (see footnote 1), as in most previous investigations. For the same reason, the mean data from Li et al. (2000) have been scaled by a factor of 1.50, while a factor of 1.2 is applied to the mean data from Kline et al. (2001) . Odom et al. (1989) 16.8 10.0 Whitaker et al. (1992) 13.2 7.7 Li et al. (2000) 7.4 6.0 Kline et al. (2001) 15.6 6.2 Present study 11.9 4.6 a The stimulus elements were abutting in Odom et al. (1989) . In all other cases, the separation was 4 0 . Data is not shown from Vilar et al. (1995) because the separation between the elements of the vernier stimulus was 8 0 , or from the study by Lakshminarayanan et al. (1992) because the minimum displayable spatial offset was not specified.
1 Our data sets were fitted with a function of the form Y ¼ ð100=ð1 þ e ðÀððX ÀpÞ=qÞÞ ÞÞ where p is the vernier bias and q is vernier threshold. The vernier threshold corresponds to the offset which produces an increase in the proportion of Ôrightward' responses from 50% to 73%. Rearranging the equation we get: X À p ¼ Àq log e Â ðð100 À yÞ=yÞ. When y ¼ 73, X À p ¼ q, as expected. The 84% point is found by letting y ¼ 84 in the equation, yielding (approximately) X À p ¼ 1:658q. they used would appear to be valid only in the absence of a significant vernier bias.
2
The reasons why age was considered to have an effect on bisection acuity but not vernier acuity have remained unclear. Both tasks involve the judgement of relative position and, provided the elements of stimulus are sufficiently separated, neither is resolution-limited. Our results, together with those of Li et al. (2000) , lead us to believe that age does not differentially affect performance on these tasks. We speculate that differences in the overall performance levels between vernier and bisection acuity may explain why age was thought to affect only bisection acuity. Bisection thresholds are significantly higher than vernier thresholds ( Table 1) . The superior performance in vernier acuity tasks makes the issue of the minimum spatial offset much more important than in the case of bisection discriminations.
It has been suggested that vernier acuity and certain other positional acuity tasks, such as displacement detection, have a role to play in the assessment of retinal/neural function behind cataract (Barrett, Davison, & Eustace, 1994; Enoch, Williams, Essock, & Fendick, 1985; Essock, Enoch, Williams, Barricks, & Raphael, 1985; Singh, Aravind, Hirose, Enoch, & Azens, 1996; Whitaker & Elliott, 1989) . This stems from the fact that performance on these tasks for certain stimulus configurations displays marked resistance to the effects of optical degradation (Barrett et al., 1994; Essock et al., 1984; Whitaker & Buckingham, 1987; Williams et al., 1984) . The implication is that any reduction found in performance can be attributed to retinal/neural changes to the visual system. Our results, together with those of Li et al. (2000) , indicate that the effects of ageing also need to be considered when assessing whether or not vernier task performance is normal because thresholds do increase as part of the normal neurophysiological ageing process. Furthermore, the diagnostic value of vernier acuity as a means of enabling normal ageing to be distinguished from visual loss due to pathology of the eye or visual system is likely to be limited by the increased variability of vernier thresholds in older subjects (Enoch, 1998; Enoch, Werner, Haegerstrom-Portnoy, Lakshminarayanan, & Rynders, 1999) . offset), and that the true vernier threshold is 6.2 00 . Based upon the assumption that 75% of decisions are correct at threshold, fitting the data with a function that assumes no bias would have the effect of raising the threshold estimate to 12.2 00 (factor of 1.97 increase). Human observers commonly exhibit small amounts of vernier bias, and, contrary to Odom et al. (1989) , it appears that these biases do not increase with age (e.g. Li et al., 2000; Whitaker et al., 1992) . For these reasons, the assumption of no bias makes this method unlikely to yield low vernier thresholds. Thus we believe that the method used by Kline et al. (2001) for threshold estimation may have masked possible superiority by younger subjects in the ability to perform the vernier task.
